Introduction {#S0001}
============

Hepatorenal syndrome (HRS) remains one of the few great mysteries of medicine. The illness has a severe clinical course, poor prognosis and high mortality. According to the definition accepted in 1994 by the International Ascites Club, developed in 1996 and redefined in 2007 by expert consensus, HRS is a functional renal failure appearing in the course of severe liver damage and liver failure \[[@CIT0001]--[@CIT0003]\]. Liver disease is the only etiological factor and specific acute renal failure (ARF) characterised by hyperazotemia, oliguria and hyponatremia develops without clinical, laboratory and histological features of any common kidney disease \[[@CIT0004], [@CIT0005]\]. In clinical practice, HRS usually develops in liver cirrhosis, acute hepatitis, and primary biliary cirrhosis. However, up to now contemporary medicine has not found an effective treatment of this syndrome, generally because precise pathomechanisms leading from hepatic damage to renal failure are still very poorly understood \[[@CIT0006]\].

The hypothesis of arterial vasodilation is a well-known and universally accepted theory of how renal failure develops after liver damage. According to this hypothesis, damage of the liver leads to vasodilation of the splanchnic vascular bed, then to specific underfilling in the systemic circulation and by activating vascular baroreceptors to extreme stimulation of systemic vasoconstrictor factors, e.g. the renin-angiotensin system, sympathetic nervous system or arginine-vasopressin system. The whole process results in vasoconstriction of the renal vascular bed and hypoperfusion of the kidney \[[@CIT0007], [@CIT0008]\]. As some studies have shown, splanchnic vessels are not affected by systemic vasoconstrictors, chiefly because of vasodilator factors produced locally. The main role in these mechanisms would be played by nitric oxide \[[@CIT0009]--[@CIT0012]\].

In the case of acute liver damage precise pathomechanisms of HRS are less well known. As some studies have shown, liver damage in a short time leads to portal hypertension, increase of portal inflow as a consequence of opening collateral vessels and to vasodilation of the splanchnic vascular bed. This vasodilation of the splanchnic vascular bed initiates the cascade of biological phenomena described above \[[@CIT0013], [@CIT0014]\]. The role of the nitric oxide pathway has been well established hitherto in chronic models of HRS, especially in cirrhosis \[[@CIT0015], [@CIT0016]\]. There are no such solid data on the function of the endogenous NO system in the acute model of liver and renal failure. To test the pathophysiological impact of NO in different biological systems, experimental studies use, on one hand, inhibitors of that system, such as nitric oxide synthase inhibitors (e.g. *N*-nitro-L-arginine -- L-NAME), and on the other, NO donors, such as L-arginine.

There are a few reported experimental models of HRS, e.g. the carbon tetrachloride intoxication model, and the bile duct ligation model \[[@CIT0017]--[@CIT0019]\], but one of the most reproducible and widely acceptable is a rat galactosamine intoxication model, induced by intraperitoneal injection of galactosamine \[[@CIT0020], [@CIT0021]\]. Galactosamine (Ga1N) injected intraperitoneally in rats causes acute liver failure and subsequently development of acute functional renal failure. As previously shown, renal failure develops typically after liver damage in male Sprague-Dawley rats \[[@CIT0022]\]. There are no data on the typical HRS induced by Ga1N in other experimental strains of rats. It is worth considering whether other strains develop acute functional renal failure after liver damage in the same way, in other words, whether some inborn constitutional factors determining development of acute HRS really exist. Furthermore, we know from clinical practice that there are some patients both with HRS and also with other types of kidney diseases (e.g. diabetic, atherosclerotic, ischaemic, etc.) in whom renal failure progresses slower or faster than in others. Therefore, finding animals with different rates of renal failure development, or not developing ARF at all, could uncover protective factors against the progression of renal failure in this syndrome.

The aim of our study was: (1) to test whether different strains of rats could develop typical hepatorenal syndrome in the same way, and (2) to assess the influence of activation and inhibition of the nitric oxide system on development and degree of renal failure in the course of acute liver damage.

Material and methods {#S0002}
====================

In the experiments we generally used randomly selected 24 male Wistar (WR) and 64 male Sprague-Dawley (SDR) rats, of body weight 200-250 g, obtained from the Department of Experimental Animals of the Polish Mother\'s Memorial Hospital in Lodz. In particular: (1) in the first part of the experiment (groups 1-5) we used 16 individuals of the WR and 16 of the SDR rats (groups 1, 2 and 4, 5 respectively, 8 individuals in each tested group), and the additional group 3 of WR (*n* = 8), with double dose of galactosamine (2xGa1N/WR), because a single dose of Ga1N (group 2, *n* = 8, 1xGa1N/WR) failed to develop HRS in WR rats (group 3 vs. group 1 -- WR vs. WR); (2) in the second part of the study (groups 6-11), we used 48 SDR rats, as susceptible to HRS, which were given saline, L-NAME or L-arginine injection.

The animals were kept in standard group cages and fed a standard diet, with free access to water and food, with a natural day/night cycle of 12 h, at a temperature of 22 ±2°C, and humidity of 45-50%. The experiments were performed from 10.00 a.m. to 6.00 p.m. on natural moving animals in their waking time. The studies were carried out according to the guidelines of *Animals in Scientific Procedures*. In the course of experiments rats were placed individually in glass metabolic cages with free access to water and food. Animals were divided into eleven groups, eight individuals in each: group 1 -- control WR group -- received 1 ml of 0.9% saline solution intraperitoneally (*i.p*.); group 2 -- tested WR group -- received 1.1 g/kg b.w. of galactosamine hydrochloride (Ga1N -- Sigma Aldrich Polska) via intraperitoneal injection as a 200 mg/ml solution in 0.9% saline; group 3 -- tested WR group -- was given 2.2 g/kg b.w. of galactosamine hydrochloride injected *i.p*. as a 200 mg/ml solution in 0.9% saline; group 4 -- control SDR group -- received 1 ml of 0.9% saline solution *i.p*.; and group 5 -- tested SDR group -- was given 1.1 g/kg b.w. of galactosamine hydrochloride via intraperitoneal injection as a 200 mg/ml solution in 0.9% saline. Group 6 -- SDR, control L-NAME group -- received *i.p*. 100 mg/kg *N*-nitro-L-arginine (L-NAME -- Sigma Aldrich, Polska); group 7 -- SDR, the same dose of L-NAME 48 and 24 h before Ga1N injection; group 8 -- SDR, the same dose of L-NAME 24 and 48 h after Ga1N injection. Group 9 -- SDR, control L-ARG group, received *i.p*. 150 mg/kg b.w. L-arginine (L-ARG -- Sigma Aldrich Polska); group 10 -- SDR, received the same dose of L-ARG 48 and 24 h before Ga1N injection; group 11 -- SDR, the same doses of L-ARG 24 and 48 h after Ga1N injection.

Twenty-four-hours urine samples were collected during 24 h from the 24^th^ to 48^th^ h after saline or Ga1N injection and evaluated 48 h after saline or Ga1N injection. Blood samples of 6 ml were also collected 48 h after saline or Ga1N injection from the beating heart in deeply anaesthetised animals. Biochemical parameters, except ammonium, were determined in serum or urine by means of an Integra 700 autoanalyser (Roche, USA), Bilirubin, ALT, AST, Creatinine, Urea, Sodium Reagents (Roche, Germany); and ammonium concentration in plasma with EDTA-K~3~ anticoagulant by an autoanalyser. Urine osmolality was measured by means of an automatic osmometer (Osmometer Automatic, Knauer, Germany) (Anand et al., 2002). Creatinine clearance as a parameter of glomerular filtration was calculated according to the equation: creatinine clearance \[ml/min\] = (Creat~u~ × V~U\ 24\ h~)/(Creat~s~ × 1440), where: Creat~u~ -- urine creatinine, Creat~s~ -- serum creatinine, V~U\ 24\ h~ -- 24 h urine volume. Osmolality clearance was calculated according to the equation: osmolality clearance \[ml/day\] = (Uosm × V~U\ 24\ h~)/Posm, where: Uosm -- urine osmolality, V~U\ 24\ h~ -- 24h urine volume, Posm -- plasma osmolality, calculated according to the equation: 2 × (Na~s~ + K~s~ + Urea~s~), where: Na~s~ -- serum sodium, K~s~ -- serum potassium, Urea~s~ -- serum urea \[[@CIT0022]\].

After exsanguination, liver and kidney tissues were collected for histopathological examination: liver and kidney sections were fixed in formalin, paraffin embedded, stained with haematoxylin and eosin and examined in light microscope.

Statistical analysis {#S20007}
--------------------

Statistical analysis was performed using Student\'s *t*-test and ANOVA when multiple comparisons were required. Where appropriate, the Mann-Whitney test was used to analyse non-parametric data. The limit of significance was taken as *p* \< 0.05. All data are expressed as means ± SE.

Results {#S0003}
=======

[Table I](#T0001){ref-type="table"} shows liver and renal parameters obtained from WR and SDR groups. Galactosamine intoxication caused damage of liver and subsequently liver failure in all groups, both in WR and SDR rats (groups 2, 3 and 5) with significant increase in serum concentration of bilirubin, ALT and ammonia in comparison to control groups (group 1 and 4 respectively). In group 2 (WR), given 1.1 g/kg Ga1N, we found a significant increase of serum bilirubin (*p* \< 0.001), ALT (*p* \< 0.001) and ammonia (*p* \< 0.001) in comparison to the sham group (group 1) ([Table I](#T0001){ref-type="table"}). However, we did not observe any evidence of acute renal failure in group 2 in the biochemical profile used in our study. There were not any typical differences of acute renal failure in concentration of serum creatinine and urea, in creatinine clearance or urine osmolality. Some parameters behaved completely differently from what might be expected in acute functional renal failure typical of HRS, e.g. concentration of urine sodium in group 2 increased significantly (*p* \< 0.002).

###### 

Biochemical profile of liver and renal parameters in WR and SDR

  Group (*n*)               Bil~s~ \[mg/dl\]                                     ALT~s~ \[IU/l\]                                      Ammon~s~ \[µmol/l\]                                  Creat~s~ \[mg/dl\]                                   Urea~s~ \[mg/dl\]                                     Creat Cl \[ml/min\]                                   Urine osmol \[mosmol/kg\]                             Urine sodium \[mmol/l\]                              Osmol Cl \[ml/day\]
  ------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------
  1 (8) WR sham             0.24 ±0.08                                           85.25 ±13.41                                         39.12 ±3.47                                          0.41 ±0.05                                           41.5 ±2.9                                             0.48 ±0.05                                            1790 ±128.61                                          33 ±7.5                                              26.6 ±2.9
  2 (8) WR Ga1N             2.86 ±0.27                                           977.87 ±89.12                                        178.12 ±16.25                                        0.43 ±0.04                                           38.3 ±5.24                                            1.1 ±0.4                                              1509.2 ±265.1                                         97.8 ±26.4                                           52.3 ±14.4
  3 (8) WR 2xGa1N           3.53 ±1.09                                           11215.5 ±6226.1                                      269 ±111.52                                          0.43 ±0.04                                           35.6 ±3.4                                             1.1 ±0.3                                              1062.7 ±162.7                                         56.6 ±17.2                                           56.6 ±17.9
  4 (8) SDR sham            0.4 ±0.26                                            56.2 ±9.9                                            52.8 ±38.1                                           0.47 ±0.04                                           33.7 ±3.8                                             0.89 ±0.4                                             1480.7 ±69.3                                          52 ±15.79                                            57.3 ±13.9
  5 (8) SDR Ga1N            3.43 ±1.35                                           2098.6 ±886.1                                        275.7 ±73.7                                          0.76 ±0.09                                           80.1 ±10.1                                            0.18 ±0.12                                            1528.6 ±95.5                                          46.25 ±12.73                                         24.09 ±10.7
  6 (8) SDR sham L-NAME     0.28 ±0.17                                           82.2 ±16.2                                           26.9 ±7.8                                            0.46 ±0.04                                           34.2 ±2.27                                            0.81 ±0.29                                            940.9 ±189.1                                          57.75 ±11.15                                         33.8 ±10.3
  7 (8) SDR L-NAME/Ga1N     3.27 ±0.52                                           1343.75 ±451.92                                      210 ±48.18                                           0.41 ±0.03                                           28.1 ±5.3                                             0.69 ±0.23                                            941.8 ±187.6                                          46.87 ±18.27                                         51.6 ±26.4
  8 (8) SDR Ga1N/L-NAME     2.58 ±0.46                                           1425 ±475.61                                         206.37 ±51.11                                        0.45 ±0.05                                           37 ±7.3                                               0.47 ±0.22                                            1225.8 ±160.2                                         43.62 ±13.53                                         31.01 ±10.6
  9 (8) SDR sham L-ARG      0.38 ±0.21                                           53.75 ±7.37                                          50.7 ±46.2                                           0.43 ±0.08                                           25.7 ±4.17                                            1.05 ±0.35                                            1249.1 ±168.06                                        55.4 ±18.64                                          48.2 ±14.1
  10 (8) SDR L-ARG/Ga1N     2.96 ±0.67                                           1546.37 ±349.75                                      199.12 ±42.8                                         0.72 ±0.11                                           87.1 ±7.5                                             0.17 ±0.12                                            1286.8 ±135.4                                         58.17 ±18.34                                         19.2 ±8.1
  11 (8) SDR Ga1N/L-ARG     2.86 ±0.94                                           1486.25 ±450.83                                      195.25 ±41.69                                        0.75 ±0.08                                           79.6 ±5.5                                             0.41 ±0.25                                            1180.3 ±132.5                                         52.5 ±16.28                                          33.2 ±11.06
  Gr. 2 vs. Gr. 1 -- *p*    *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.40[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.011[\*\*](#TF0002){ref-type="table-fn"}      *p* \< 0.004[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.014[\*\*](#TF0002){ref-type="table-fn"}      *p* \< 0.002[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.004[\*\*\*](#TF0003){ref-type="table-fn"}
  Gr. 3 vs. Gr. 1 -- *p*    *p* \< 0.002[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.003[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.40[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.0008[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.005[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.006[\*\*\*](#TF0003){ref-type="table-fn"}
  Gr. 5 vs. Gr. 4 -- *p*    *p* \< 0.004[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.005[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.0012[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.30[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.46[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}
  Gr. 6 vs. Gr. 4 -- *p*    *p* \< 0.37[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.03[\*\*](#TF0002){ref-type="table-fn"}      *p* \< 0.089[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.61[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.77[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.67[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.0005[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.44[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.03[\*\*](#TF0002){ref-type="table-fn"}
  Gr. 7 vs. Gr. 5 -- *p*    *p* \< 0.77[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.064[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.068[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.0017[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.004[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.94[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.023[\*\*](#TF0002){ref-type="table-fn"}
  Gr. 8 vs. Gr. 5 -- *p*    *p* \< 0.13[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.098[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.06[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.003[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.001[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.0095[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.0074[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.71[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.24[\*](#TF0001){ref-type="table-fn"}
  Gr. 9 vs. Gr. 4 -- *p*    *p* \< 0.11[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.60[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.34[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.31[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.0022[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.49[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.005[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.63[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.24[\*](#TF0001){ref-type="table-fn"}
  Gr. 10 vs. Gr. 5 -- *p*   *p* \< 0.41[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.14[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.032[\*\*](#TF0002){ref-type="table-fn"}     *p* \< 0.53[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.17[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.91[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.0017[\*\*\*](#TF0003){ref-type="table-fn"}   *p* \< 0.067[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.37[\*](#TF0001){ref-type="table-fn"}
  Gr. 11 vs. Gr. 5 -- *p*   *p* \< 0.37[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.12[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.024[\*\*](#TF0002){ref-type="table-fn"}     *p* \< 0.80[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.91[\*](#TF0001){ref-type="table-fn"}         *p* \< 0.058[\*](#TF0001){ref-type="table-fn"}        *p* \< 0.003[\*\*\*](#TF0003){ref-type="table-fn"}    *p* \< 0.056[\*](#TF0001){ref-type="table-fn"}       *p* \< 0.13[\*](#TF0001){ref-type="table-fn"}

p \> 0.05 -- non significant

p \< 0.05 -- significant

p \< 0.01, p \< 0.001 -- highly significantWR -- Wistar rats, SDR -- Sprague-Dawley rats, Bil -- serum bilirubin, ALT -- serum alanine aminotransferase, Ammon -- serum ammonium, Creat -- serum creatinine, CreatCl -- creatinine clearance, Urine osmol -- urine osmolality, OsmolCl -- osmolar clearance, p -- value of p. Biochemical parameters were evaluated 48 h after saline or Ga1N injection. Twenty four hours urine samples were collected during 24 h from 24^th^ to 48^th^ h after saline or Ga1N injection and evaluated 48 h after saline or Ga1N injection. Values are means ± SE, significance -- p \< 0.05. Group 1 -- sham WR , group 2 -- WR, given 1.1 g/kg Ga1N, group 3 -- WR, given 2.2 g/kg Ga1N, group 4 -- sham SDR, group 5 -- SDR, given 1.1 g/kg Ga1N, group 6 -- SDR, sham L-NAME group, given 100 mg/kg L-NAME, group 7 -- SDR, given 100 mg/kg L-NAME 24 h and 48 h before Ga1N, group 8 -- SDR, given 100 mg/kg L-NAME 24 and 48 h after Ga1N, group 9 -- SDR, sham L-ARG group, given 150 mg/kg L-ARG, group 10 -- SDR, given 150 mg/kg L-ARG 24 and 48 h before Ga1N, group 11 -- SDR, given 150 mg/kg L-ARG 24 and 48 h after Ga1N

In group 3 (WR), given 2.2 g/kg Ga1N, liver injury and liver failure also developed after 48 h. The degree of liver failure was higher than in group 2 and characterised by significant increase of serum bilirubin level (*p* \< 0.002), ALT (*p* \< 0.003) and ammonia (*p* \< 0.001) in the sham and tested group 3 respectively ([Table I](#T0001){ref-type="table"}). Therefore, the degree of liver failure was dependent on the dose of galactosamine. Nevertheless, in this WR tested group, we also failed to find any evidence of acute renal failure in biochemical profiles of kidney function used in our study.

However, in the tested Sprague-Dawley group (group 5) we found biochemical parameters of acute renal failure after hepatic damage typical of HRS with a significant decrease in creatinine clearance and increase in serum concentration of creatinine and urea ([Table I](#T0001){ref-type="table"}, [Figures 1](#F0001){ref-type="fig"}, [2](#F0002){ref-type="fig"}) In comparison to the control (group 4), in an SDR tested group (group 5), creatinine clearance decreased significantly (*p* \< 0.0012), while concentration of creatinine and urea increased, also significantly (*p* \< 0.001 and *p* \< 0.001 respectively). There were no significant differences between the control SDR group (group 4) and control L-NAME group (group 6).

![Influence of L-NAME injection on creatinine clearance before and after liver injury. Inhibition of NO system before Ga1N intoxication significantly increased GFR. Inhibition of NOS after Ga1N intoxication also resulted in significant improvement of GFR, but to a lesser degree than in the case of treatment before intoxication. Values are means ± SE, significance -- *p* \< 0.05](AMS-8-18839-g001){#F0001}

![Influence of L-ARG injection on creatinine clearance before and after liver injury. Activation before liver damage did not significantly change level of GFR. However, using a donor for the NO system after Ga1N intoxication brought improvement of glomerular filtration, although not significantly. Values are means ± SE, significance -- *p* \< 0.05](AMS-8-18839-g002){#F0002}

In group 7, given L-NAME before Ga1N intoxication, we found significant improvement of GFR (*p* \< 0.0017) ([Figure 1](#F0001){ref-type="fig"}) and a significant decrease of serum creatinine (*p* \< 0.001) and urea (*p* \< 0.001) concentration. The 24-h urine volume and osmolar clearance increased significantly (*p* \< 0.0005 and *p* \< 0.023 respectively). Inhibition of the NO system after Ga1N intoxication (group 8 -- given L-NAME after Ga1N) also significantly increased GFR (*p* \< 0.003) ([Figure 1](#F0001){ref-type="fig"}), but to a lesser degree than in the previous group. Serum concentration of creatinine and urea decreased significantly (*p* \< 0.003 and *p* \< 0.001 respectively) in comparison to the Ga1N group (group 5). There were no changes in osmolar clearance in this group. Nor were there any significant changes between the control SDR group (group 4) and the control L-ARG group (group 9).

In the tested group 10, given L-ARG before Ga1N intoxication, we did not find any significant changes in GFR ([Figure 2](#F0002){ref-type="fig"}), serum concentration of creatinine, urea, osmolar clearance and 24-h urine volume. An attempt to activate the NO system after Ga1N injection (group 11, given L-ARG after Ga1N) caused a considerable and almost significant increase of GFR (*p* \< 0.058) ([Figure 2](#F0002){ref-type="fig"}) and increase of 24-h urine volume (*p* \< 0.006) in comparison to the Ga1N group (group 5).

A histological examination of liver tissue ([Figure 3](#F0003){ref-type="fig"}) confirmed the development of massive necrosis of hepatocytes in all tested groups (groups 2, 3, 5, 7, 8, 10 and 11) in contrast to the control groups (groups 1, 4, 6 and 9), where no abnormalities were found. A histological examination of kidney ([Figure 4](#F0004){ref-type="fig"}) tissue showed no changes in any of the tested or control groups.

![Histopathological picture of the liver in SDR. **A** -- Lack of morphological changes in the liver from sham SDR rats (group 4) at 48 h after saline injection. Haematoxilin and eosin staining, light microscope, magnification 10×. **B** -- Massive necrosis of hepatocytes in the liver from tested SDR rats (group 5) at 48 h after galactosamine injection. Haematoxilin and eosin staining, light microscope, magnification 10×](AMS-8-18839-g003){#F0003}

![Histopathological picture of the kidney in SDR. **A** -- Lack of morphological changes in the kidney from sham SDR rats (group 4) at 48 h after saline injection. Hematoxilin and eosin staining, light microscope, magnification 10×. **B** -- Lack of morphological changes in the kidney from tested SDR rats (group 5) at 48 h after galactosamine injection. Hematoxilin and eosin staining, light microscope, magnification 10×](AMS-8-18839-g004){#F0004}

Discussion {#S0004}
==========

Clinical studies of HRS sometimes encounter various objective difficulties. Some chemical compounds which are necessary for such studies are often not permitted for tests on human populations. Moreover, clinical studies of HRS usually refer to small groups, difficult to compare, in view of the large variety of etiological factors, and different duration and severity of the disease. In this situation experimental studies give objective results, because they test individuals of the same strain, age, gender, body weight and in the same experimental conditions. At the same time it is possible to use the whole tested material: blood, urine and tissue slices. Hence the results are more reliable and objective. Consequently, experimental studies become not only a supplement of clinical studies, but sometimes the only way to explain some biological phenomena.

Among a few experimental models of HRS, we used an acute rat model, induced by intraperitoneal intoxication with galactosamine \[[@CIT0017]--[@CIT0021]\]. Galactosamine (Ga1N) injected intraperitoneally usually at the dose of 1.1 g/kg within 48 h after intoxication induces in rats acute hepatic injury and liver failure and subsequently acute functional renal failure. Liver failure is characterized by a large increase of serum bilirubin, ALT, AST concentration, decrease of albumin concentration, and histologically, massive necrosis of hepatocytes. In the biochemical profile of renal function an increase of serum concentration of creatinine and urea is found with parallel decrease of renal blood flow and glomerular filtration rate caused by renal vasoconstriction. Mean arterial pressure is lower than in sham rats. Because of peripheral underfilling and diminished vascular resistance, cardiac output increases and leads to hyperdynamic circulation.

In the literature to date, only Anand *et al*. have established a standardized and reproducible model of acute functional renal failure as a consequence of acute liver failure in Sprague-Dawley rats after Ga1N intoxication \[[@CIT0022]\]. But there are no data on the typical HRS induced by Ga1N in other experimental strains of rats.

Therefore, in our study we compared Wistar and Sprague-Dawley rats. In the Wistar, unlike the Sprague-Dawley group, despite univocal biochemical and histological parameters of hepatic injury and development of acute liver failure, we did not achieve secondary acute renal failure, although biochemical parameters and the histological picture of liver failure were comparable with those obtained in the Sprague-Dawley group. Moreover, in tested group 3, given 2.2 g/kg of Ga1N, the degree of liver failure was clearly higher than in Wistar group 2 and Sprague-Dawley group 5, both given 1.1 g/kg of Ga1N. Therefore in spite of more severe hepatic damage, it remained without any influence on renal function. Javle *et al*. \[[@CIT0023]\] used Wistar rats in their studies, but the aim of their work was primarily splanchnic haemodynamic changes, without any analysis of renal function. Erdely *et al*. \[[@CIT0024]\] in a model of 5/6 nephrectomy showed that renal synthesis of NO was higher and the number of working nephrons was about 30% greater in Wistar rats as compared with Sprague-Dawley rats. This protective mechanism of NO was also confirmed in other models of chronic kidney disease \[[@CIT0025]--[@CIT0027]\]. On the other hand, so far no studies have been reported comparing WR and SDR animals in an acute model of HRS. So, we speculate that the main difference in resistance to development and progression of renal failure in this acute hepatorenal syndrome results from the existence of some protective vasoactive factors. Local renal vasodilators, such as prostaglandins, the kallikrein-kinin system, natriuretic peptides or the local nitric oxide system, could be good candidates. Moreover, a high number of active nephrons is also a widely acceptable nephroprotective factor, and a smaller number of such nephrons in the case of SDR is probably also one of the determining factors of progression of renal failure. So, further studies are necessary to evaluate the nephroprotective factors mentioned above in an acute model of HRS.

Therefore the strain of experimental animals is probably one of the factors responsible for the development of acute renal failure in the course of experimental acute liver failure. Our study may prove that genetic factors play an important role in pathogenesis of the experimental hepatorenal syndrome.

In our study in an acute experimental model of HRS, the inhibition of the NO system before Ga1N intoxication significantly increased GFR and decreased concentration of creatinine and urea. On the other hand, the inhibition of NOS after Ga1N intoxication also resulted in a significant improvement of GFR, but to lesser degree than in the case of treatment before intoxication. Therefore inhibition of the NO system before liver damage turned out to be more effective than inhibition after, although the differences were hardly significant.

In the literature there have been numerous attempts to define NO\'s role in HRS pathogenesis. But most of these studies used mainly a cirrhotic model of HRS \[[@CIT0015], [@CIT0028]--[@CIT0034]\]. An increased concentration of cGMP, a second messenger of NO, was found in tissue homogenates of superior mesenteric arteries of portal hypertensive rats and also *in vitro* in a cell line coincubated with mesenteric arteries. Other studies showed that acute administration of NO inhibitor resulted in total normalization of splanchnic haemodynamics with reduction in portal venous inflow and increase in splanchnic vascular resistance in portal hypertensive rats. Moreover, in portal hypertension there is vascular hyporesponsiveness to different vasoconstrictors such as norepinephrine, angiotensin, vasopressin and endothelin. But the inhibition of NO biosynthesis restores vascular reactivity to normal levels, thus proving the importance and main role of NO in the regulation of the splanchnic vascular bed.

Our studies are probably the first in the available literature in which the acute galactosamine model of HRS is used to determine the role of the NO system in pathogenesis of this syndrome. However, the studies by Ros *et al*. \[[@CIT0035]\] in cirrhotic rats showed that acute blockade of the NO system had no influence on renal blood flow, though it increased glomerular filtration. It was in contradiction to the studies by Martin *et al*. \[[@CIT0036]\] in which they noted a lack of influence of NO inhibition on GFR level in cirrhotic rats. In our study, in an acute galactosamine model of HRS, we have shown that the blockade of NO synthesis results in a significant improvement of GFR, both before and after liver damage, and the pretreatment turned out to be more effective.

Regarding the activation of NO system, no attempt of its activation in our study before liver damage change significantly either level of GFR or concentration of creatinine and urea. However, using a donor for the NO system after Ga1N intoxication improved glomerular filtration, although not significantly. This problem was also raised in the literature, but only in the chronic cirrhotic model of HRS. Zhang *et al*. \[[@CIT0037]\] and Kawada *et al*. \[[@CIT0038]\] confirmed in their studies that mechanisms of activation of endogenous NO system by using its donors completely abolished the vasoconstrictive effect of endothelin-1 on intrahepatic vessels and activated hepatic stellate cells in *in vitro* culture. But using NO donors in HRS chronic models creates some difficulties in *in vivo* studies. This phenomenon is mainly related to decreased number of sinusoidal endothelial cells and change of the histoarchitectonics in cirrhotic liver. Therefore, changed sinusoidal endothelial cells are unable to induce effective NO synthesis, even in at maximal blood flow and shear stress -- factors releasing endogenous NO \[[@CIT0039], [@CIT0040]\]. That is why we chose an acute model of HRS and intraperitoneal way of NO donor injection. But the results were different from those expected. We expected either a deterioration of renal efficiency or no changes in GFR. It appeared that the activation of NO synthesis could influence renal efficiency favourably. We think that in our acute experiment of Ga1N intoxication, there are no such histoarchitecture liver tissue changes, which are observed in cirrotic liver, which let endogenous NO be synthesized in a greater part of sinusoidal endothelial cells. In these conditions, using a donor for NO system showed its vasodilating activity in sinusoidal vessels, decreasing the intrahepatic vascular resitance and the pressure in the splanchnic vascular bed. This mechanisms may lead to increase of effective plasma volume and consequently to an improvement of renal efficiency \[[@CIT0041]\].

Certainly, this observation requires further studies but we believe these results could confirm rather the hypothesis of the modulating property of L-arginine in NO synthesis than a simple activation of this biological system \[[@CIT0042]\].

In conclusion, our study showed, that unlike Sprague-Dawley, Wistar rat model did not developed functional renal failure typical for hepatorenal syndrome. This is probably a first observation that some congenital, genetic predispositions might be responsible for the development of hepatorenal syndrome in experimental models. The inhibition of endogenous NO system both before and after liver damage results in an improvement of glomerular filtration. Pretreatment turned out to be more effective than treatment after liver intoxication. Attempting to activate of NO system before liver injury was without any influence on renal efficiency. However, activation of NO after Ga1N injection influenced favourably the level of glomerular filtration.
